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Abstract 
The thermodynamics and structure of inclusion complexes between seven different γ-cyclodextrins 
(γCDs) and three biologically relevant bile salts (BSs) were investigated. The six modified γCDs (two 
methyl-γCDs (Me-γCD), one sulfobutylether-γCD (SBE-γCD), and three 2-hydroxypropyl-γCDs (HP-γCD) 
were characterized by 1H NMR, 13C NMR, and mass spectrometry. The structural analysis was carried out 
by use of 2D ROESY NMR. The thermodynamics of complexation was investigated with isothermal 
titration calorimetry. The structural analysis showed that the structure of all but the fully methylated 
γCD complexes were similar to what has previously been observed for γ-CD-BS complexes. Isothermal 
titration calorimetry carried out at temperature interval 5-55 °C yielded stoichiometries and the 
thermodynamic parameters ΔH°, ΔS°, K, ΔCp° for all but the fully methylated γCD complexes which did 
not form any stable complexes. Complexation with five of the modified γCDs was athermal at 
approximately 25 °C, which made a thermodynamic analysis impossible around this temperature. 
Stability constants decreased with degree of substitution (DS), with methyl substituents having less 
effect on K than SBE and HP.  Enthalpy-entropy compensation was seen as both enthalpy and entropy 
increased with DS, which is believed to be caused by dehydration of hydrophobic BS surface area. 
Calculations based on ΔCp° data showed that each of the substituents dehydrated 10-20 Å
2 (HP), 22-33 
Å2 (SBE), and 10-15 Å2 (methyl) of BS surface area. 
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Preface 
 
This master thesis consists of three parts. The first part is a general introduction to the subject providing 
context and motivation for the thesis. The second, and main, part is experimental study of inclusion 
complexes formed by cyclodextrins and bile salts. This part is written as an article for a scientific journal 
and is meant for publication. As such it should be possible to read this part irrespective of the rest of the 
thesis. The third and last part contains supporting information which is mainly results and analysis of 
results that did not make it into the article. At the end of the third part a small section with perspectives 
on the project is found. The article and the rest of the thesis each have their own list of references.  
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Part 1. 
 
 
Introduction 
 
The present work is a master thesis in chemistry, but the subject of study has its origin in pharmacology. 
The process of drug delivery relies heavily on knowledge of physical chemistry. Oral formulations are a 
common and practical way to deliver drugs, but for it to be effective the oral formulation needs to have 
the right physical chemical properties. The drugs need to be soluble in water to some extent to be 
available for absorptions in the intestinal system, but as much as 90 % of drugs being developed are 
considered as poorly soluble in water (Loftsson & Brewster, 2010). To increase the apparent water 
solubility of drugs cyclodextrins are used to form water-soluble inclusion complexes.  
Cyclodextrins are natural cyclic oligosaccharides consisting of 6, 7 or 8 glucopyranose units (named α-, β- 
and γCD, respectively) linked by α-glycosidic bonds and shaped like truncated cones (Figure 1). The 
hydrophilic hydroxyl groups are located at the rims of the CD while the interior has no hydrophilic 
groups. This arrangement of a hydrophobic inner cavity and a hydrophilic outer surface enables the CDs 
to form water-soluble inclusion complexes with hydrophobic guest molecules of the right size. 
 
Figure 1. Structure of natural CDs. 
 
CDs are produced by conversion of starch by a group of enzymes called cycloglycosyltransferases. They 
are relatively inexpensive and when administered orally non-toxic due to a very low bioavailability 
(Stella & He, 2008) which make them practical and suitable for pharmaceutical purposes. There are 
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currently a large number of drug products on the market containing some type of CD (Loftsson & 
Brewster, 2010). 
In order to be effective drug solubilizers, CDs must be water-soluble themselves and form sufficiently 
strong inclusion complexes with a given drug molecule. The three natural CD are relatively poorly 
soluble in water as seen from Table 1. Especially βCD has low water solubility. To increase the solubility 
the hydroxyl hydrogens at the rim of the CD can be substituted by various short-chain groups. The most 
popular substituents include 2-hydroxypropyl (HP), methyl (Me), and sulfobutylether (SBE), and all of 
these have proved to enhance the solubility of the CDs (Loftsson, 2002). Each glycose unit can be 
substituted at three different sites, and variations in DS and position of substituents can lead to much 
different properties of the modified CD (Schönbeck et al., 2011). 
Table 1. Some physical-chemical characteristics of natural CDs. Modified from Szejtli (2008). 
 αCD βCD γCD 
Number of glycose units 6 7 8 
Molecular weight (g/mol) 972 1135 1297 
Diameter of cavity (Å) 4.7-5.3 6.0-6.5 7.5-8.3 
Height (Å) 7.1 7.1 7.1 
Aqueous solubility (g/100 ml) 14.5 1.85 23.2 
 
Because of the low bioavailability of CDs only the free form of the drug which is in equilibrium with the 
complexed population can be absorbed in the intestine, and hence the drug needs to be released form 
the inclusion complex to be effective. The size of the stability constant of the formed inclusion complex 
is important in this regard, but there are other factors playing a role in the release of the drug in the 
intestine. Hydrophobic molecules of the right size and shape could compete with the drug for the CD 
binding site and hence affect the release of the drug. 
Bile salts are present in the small intestine of humans in relatively high concentrations (de la Cruz 
Moreno et al., 2006), and are known to form stable complexes with CDs (Tan et al., 1994; Cabrer et al., 
2003; Holm et al., 2009). Seven different BS dominate in the intestine of man, dog, and rat (Alvaro et al., 
1986) and their names and structures are found in Figure 2. BSs all have hydrophobic steroid-like bodies, 
but differ from each other by the number and position of hydroxyl groups and by whether the tail is 
conjugated with glycine or taurine. 
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Figure 2. Names and structures of the seven BSs found in man, dog, and rat. The hydroxyl on C7 is either equatorial as in TβMC 
or axial as in the other BSs. 
 
The role BSs play in the release of complexed drug is visualized in Figure 3 which is copied from Uekama 
et al., (1998). When the complex is dissolved the equilibrium between complexed and free species of 
the CD and drug is affected by the equilibrium between the free CD and the competing agent (e.g. the 
BS). When the free form of the CD is complexed by the BSs, the equilibrium between complexed and 
free CD and drug will be shifted towards the free species as per Le Chatelier’s principle. This assumed 
effect of the BSs is supported by studies showing that a lack of BSs in the intestine lowers the 
bioavailability of a drug coadministered with βCD (Ghorab & Adeyeye, 2003). The situation described in 
Figure 3 is complicated by the fact that free BSs tend to form micelles when they reach their critical 
micelle concentration (cmc) which is in the range of 2-10 mM (Tan et al., 1994; Cooper et al., 1998; 
Hofmann & Roda, 1984; Roda et al., 1983; Jana & Moulik, 1991; Garidel et al., 2000; Olesen et al., 2015). 
Another equilibrium between free and micellized BS might be needed to describe the situation of the 
competitive binding more accurately. In principle if all the relevant equilibria were known, it would be 
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possible to calculate the amount of free drug available and calculate the optimal amount of CD used in 
the oral formulation. 
 
Figure 3. Schematic view of the factors deciding the drug absorption. Only the free form of the drug can be absorbed, and the 
competing agents present shift the equilibrium towards the free drug. Copied from Uekama et al. (1998). 
 
Interactions between CDs and BSs have been studied by various methods like NMR (Cabrer et al., 2003; 
Tan et al., 1994), affinity capillary electrophoresis (Holm et al., 2007; Holm et al., 2008), ITC (Ollila et al., 
2001; Cooper et al., 1998), and phase solubility studies (Abadie et al., 1994) among others. Most focus 
has been directed towards βCDs where the effect of different substituents has been studied intensively 
(Schönbeck et al., 2010; Schönbeck et al., 2011; Holm et al., 2014). γCDs have received far less attention 
and specifically the interaction between BSs and substituted γCDs remain mostly unstudied with 2-
hydroxypropyl-γCD being the only exception (Holm et al., 2008). Like βCD natural γCD suffers from a low 
solubility (Table 1), which makes the use of substituted γCD of interest since they have vastly improved 
solubility constants (Loftsson, 2002). 
Compared to the classically used βCDs, the larger cavity of γCD enables larger drug molecules to be 
included which is interesting considering the general tendency towards generation of larger and more 
insoluble drug molecules in the pharmaceutical industry. Furthermore γCD is subject to hydrolysis by 
amylase in contrast to βCD (Kondo et al., 1990), which could play a positive role in the release of the 
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included drug. The focus in this study is hence on γCDs – both the natural γCD and γCDs with various 
substitutions. 
 
Structural analysis 
It is well known that batches of substituted CDs often are polydisperse and thus consist of many 
different CD molecules with different degrees of substitution. Substituted CDs are therefore often 
associated with an average DS, which does not say much about the structure of the CD sample. Every 
polydisperse substituted CD sample used in this study is thus characterized with NMR and MS to get as 
accurate descriptions of the CDs used throughout the study as possible. 
Examinations of the structure of the created CD-BS complexes are carried out by H1-NMR, C13-NMR, and 
2D-NMR. The structural analysis will help with the interpretation of the results from the thermodynamic 
analysis as well as provide a basic understanding of the interaction between CD and BS. Similarities and 
differences amongst the complex structures as well as a comparison to βCD-BS complexes will be 
discussed. 
Thermodynamics 
As mentioned above, the most interesting results from a pharmaceutical point of view are the stability 
constants of the complexes. There are a number of methods with which the stability constants can be 
achieved, but by using ITC all thermodynamic parameters can be obtained as well. A lot of the focus in 
this study is on the thermodynamics of the CD-BS interaction since this interaction has shown quite 
interesting features from a physical-chemical point of view. Enthalpy-entropy compensation, 
hydrophobic interactions in an aqueous environment and deviations from van’t Hoff binding behavior 
will all be discussed. Enthalpy-entropy compensation is a known phenomenon observed when changes 
in a system lead to both enthalpy and entropy being affected in the same way. The contributions of 
enthalpy and entropy towards the change in free energy, ΔG° = ΔH° - TΔS°, leaves ΔG° rather unaffected 
by changes in the system. 
The CD-BS interaction is chemically speaking a good model system in which to study hydrophobic 
interactions in an aqueous environment. Works by (Schönbeck et al., 2014b) and (Schönbeck et al., 
2014a) have focused on the thermodynamics of the CD-BS interaction for methyl-βCD and HP-βCDs 
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respectively and found some interesting behavior. As far as possible the γCD-BS interactions examined 
in this study will be compared to their βCD counterparts. 
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Part 2. 
 
 
Structure and Thermodynamics of Inclusion 
Complexes Between three Glycoconjugated 
Bile Salts and Natural γ-Cyclodextrin and Six 
Modified γ-Cyclodextrins 
Jonatan Køhler, René Holm and Peter Westh 
 
Abstract 
 
The thermodynamics and structure of inclusion complexes between seven different γ-cyclodextrins 
(γCDs) and three biologically relevant bile salts (BSs) were investigated. The six modified γCDs (two 
methyl-γCDs (Me-γCD), one sulfobutylether-γCD (SBE-γCD), and three 2-hydroxypropyl-γCDs (HP-γCD) 
were characterized by 1H NMR, 13C NMR, and mass spectrometry. The structural analysis was carried out 
by use of 2D ROESY NMR. The thermodynamics of complexation was investigated with isothermal 
titration calorimetry. The structural analysis showed that the structure of all but the fully methylated 
γCD complexes were similar to what has previously been observed for γ-CD-BS complexes. Isothermal 
titration calorimetry carried out at temperature interval 5-55 °C yielded stoichiometries and the 
thermodynamic parameters ΔH°, ΔS°, K, ΔCp° for all but the fully methylated γCD complexes which did 
not form any stable complexes. Complexation with five of the modified γCDs was athermal at 
approximately 25 °C, which made a thermodynamic analysis impossible around this temperature. 
Stability constants decreased with degree of substitution (DS), with methyl substituents having less 
effect on K than SBE and HP.  Enthalpy-entropy compensation was seen as both enthalpy and entropy 
increased with DS, which is believed to be caused by dehydration of hydrophobic BS surface area. 
Calculations based on ΔCp° data showed that each of the substituents dehydrated 10-20 Å
2 (HP), 22-33 
Å2 (SBE), and 10-15 Å2 (methyl) of BS surface area.  
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Introduction 
 
Cyclodextrins (CDs) are cyclic oligosaccharides consisting of glycopyranose units linked with α-1,4-
glycosidic bonds. The most commonly used CDs consist of six, seven, or eight units of glycopyranose and 
are called α-, β- and γCD, respectively. Free rotation about the bonds is limited, which results in CDs 
having the shape of truncated cones (Figure 4). The CD cone has a hydrophilic exterior and a 
hydrophobic interior cavity, which can contain molecules of the right shape and size thus making CDs 
able to create inclusion complexes with hydrophobic guest molecules in aqueous solution. This ability 
makes CDs widely used in a number of different disciplines, including pharmacy, to increase the 
apparent water solubility of poorly soluble drugs for oral drug delivery (Uekama et al., 1998; Loftsson & 
Brewster, 1996; Carrier et al., 2007; Loftsson et al., 2004). 
 (A) (B) 
Compound R2, R3, R6 = H and/or: 
HP-γCD a        b           c 
CH2CH(OH)CH3 
Me-γCD a 
CH3 
SBE-γCD a      b     c      d 
CH2CH2CH2CH2SO3
- 
Figure 4. Structures and names of the investigated γCDs and substituents. The labelling of the nuclei is also shown. The 
schematic structure in (B) covers all γCDs whereas the cone shape shown in (A) is for natural γCD. 
Natural CDs can be modified by substituting the hydroxyl groups at O2, O3, and O6 with e.g. methyl or 
2-hydroxypropyl resulting in changed physiochemical properties of the CD. Much effort has been put 
into designing substituted CDs with specific properties useful in different environments and situations 
and thus a large number of different substituted CDs are commercially available. Detailed knowledge of 
the effects of the substituents and the pattern of substitution is therefore important for choosing the 
optimal CD for the purpose at hand. 
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When delivering drugs orally together with CDs only the free form of the drug, which is in equilibrium 
with the complexed population, is available for absorption due to the intrinsic biopharmaceutical 
properties of CDs that makes them practically non-absorbed (Stella & He, 2008). Molecules present in 
the gastrointestinal tract may also form inclusion complexes with the CD, thus creating a competition 
between the molecule and the drug for the interaction with the CD, thereby driving the release of the 
drug from the CD complex (Uekama et al., 1998). In particular bile salts (BSs, see Figure 5) have been 
suggested to be hugely important for the displacement of complexed compounds from the CD cavity 
(Ono et al., 2002). The understanding of the interaction between CDs and BSs is, hence, very important 
for a rational drug formulation process of oral formulations containing CDs. 
From a drug delivery perspective γCDs could be of interest for future drugs due to its larger cavity 
allowing larger molecules to be included, which is interesting taking the general tendency towards 
generation of larger and more insoluble drug molecules in the pharmaceutical industry into 
consideration (Holm et al., 2008). Furthermore, γCD has been proven to have different 
biopharmaceutical properties than CDs as the former can undergo hydrolysis by amylase (Kondo et al., 
1990). 
The CD/BS interaction has been studied intensively for various βCDs (e.g. (e.g. Holm et al., 2009; Tan & 
Lindenbaum, 1991; Cabrer et al., 2003; Schönbeck et al., 2011; Ollila et al., 2001) and to some extent for 
natural γCD (Cabrer et al., 2003; Cooper et al., 1998; Holm et al., 2013). Studies on the interaction 
between βCDs and BSs have shown interesting physical/chemical behavior such as enthalpy-entropy 
compensation (Holm et al., 2011; Holm et al., 2009), and the influence of different substituents on 
complexation thermodynamics has been investigated (Schönbeck et al., 2011; Schönbeck et al., 2010; 
Holm et al., 2014). The interaction between one substituted γCD and bile salts has been investigated by 
affinity capillary electrophoresis (Holm et al., 2008), but limited knowledge is available in the literature 
on the thermodynamics on the interaction of lipophilic molecules and modified γCDs. Modified γCDs are 
already in use and they have vastly improved solubilities compared to the natural CDs (Loftsson, 2002). 
The purpose of the present study was therefore to investigate the effects on the thermodynamic 
elements of the interaction between various substituted γCDs and biological relevant BS to facilitate a 
rational use of γCDs in drug delivery. 
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Bile salt anion  Abbreviation R1 (C-7) R2 (C-12) 
Glycocholate (GC) OH OH 
Glycodeoxycholate (GDC) H OH 
Glycochenodeoxycholate (GCDC) OH H 
Figure 5. Structure and names of the three investigated bile salt anions. 
 
Experimental section 
 
Materials 
Sodium salts of the bile acids glycocholate (GC), glycodeoxycholate (GDC), and glycochenodeoxycholate 
(GCDC) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Samples of γCD and HP-γCD with an 
average degree of substitution (DS) of 0.6 were purchased from Sigma-Aldrich. HP-γCD samples with 
reported DS 0.16 and 0.53 and Me-γCD samples with reported DS 1.58 and 3.0 were purchased from 
CycloLab (Budapest, Hungary). An SBE-γCD sample was kindly donated by Ligand Pharmaceuticals (La 
Jolla, CA, USA). Water used during the experiments was from a Millipore purification system (Billerica, 
MA, USA). Sodium phosphate and D2O (99.9 %) were obtained from Sigma-Aldrich. All chemicals were 
used without further purification. 
 
Mass Spectrometry 
MALDI-TOF MS was performed using a fast evaporating nitro-cellulose (FENC) matrix in a Reflex III 
(Bruker Daltonics, Bremen, Germany) to determine the average degree of CD substitution. A thin layer 
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of freshly prepared saturated α-cyano-4-hydroxycinnamic acid (CCA) in acetone was deposited on a 
MALDI target plate and allowed to dry. The modified CDs was then deposited directly onto the MALDI 
target plate by adding a 1 µL droplet of a 1:1 solution of the modified βCD (1 mM) and a 1:4 (v/v) 
mixture of nitro-cellulose and saturated CCA in an aqueous solution of 0.1% triflouroacetic acid and 80% 
acetonitrile.  
The average degree of substitution (DS) of the modified CDs was calculated from the MALDI-TOF MS 
spectrum using the following equation:  

 

i
i
i
ii
I
DSI
DS   (1) 
where “Ii” denotes the intensity of the i’th peak and ”DSi” denotes the degree of substitution 
corresponding to the i’th peak.  
 
NMR Spectroscopy 
All NMR experiments were carried out at room temperature on a Bruker Avance-600 NMR spectrometer 
(Bruker Biospin, Rheinstetten, Germany) operating at 14.1 T and equipped with a cryogenically cooled 
probe. To characterize the CDs, 1H spectra, 13C (APT) spectra, and two-dimensional HMBC and HSQC 
spectra were recorded. The CDs were dissolved at 10 mM in D2O. For the description and structural 
analysis of the complexes, HSQC and 2D ROESY experiments were recorded on solutions of 5 mM CD/ BS 
in D2O. To assign the cross correlation peaks in the ROESY spectra, it was necessary to know the 
assignment of each proton in the rather complex 1H NMR spectra of the complexes. For these 
assignments HSQC spectra of the complexes were recorded. The assignments of the HSQC spectra were 
based on the 1H and 13C  assignments of the free CDs and BSs. For the CDs, these were made from 1H 
NMR, 13C APT and HSQC spectra, while the assignments of the free BSs were found in the literature 
(Holm et al., 2011; Barnes & Geckle, 1982; Campredon et al., 1986). 
 
Isothermal Titration Calorimetry 
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All samples of BSs and CDs were dehydrated in a vacuum oven at 55 °C for at least 48 hours prior to 
generation of the solutions for the ITC measurements. The dehydrated powders of CDs and BSs were 
weighed and dissolved in 50 mM pH 7.0 phosphate buffer to make solutions of approximately 10 mM 
and 1 mM of CDs and BSs, respectively. The concentrations of the substituted CDs were calculated 
based on the average molecular weights obtained by NMR. The low concentration of the BSs was 
chosen to ensure that the measurements were conducted below the critical micelle concentration (cmc) 
(Cooper et al., 1998; Hofmann & Roda, 1984; Roda et al., 1983; Jana & Moulik, 1991; Olesen et al., 
2015). Hereby, enthalpy changes from micellation/demicellation was avoided as a factor in the 
experiments. 
The experiments were carried out on a Microcal VP-ITC microcalorimeter (MicroCal, Northhampton, 
MA) in a thermostated room at atmospheric pressure. All samples were degassed in a ThermoVac 
(MicroCal, Northhampton, MA) before the experiment. The titrations were performed by titrating the 
CD solutions into the BS solutions in the titrations cell. The first injection was 2 μL and the subsequent 
27 injections were set to 10 μL having 300 s between each injection. The first injection was always 
ignored in the data analysis. For each CD/BS combination, measurements were performed at 
temperatures going from 5 °C to 55°C in 10 °C intervals. Heats of dilutions were measured separately for 
each CD at each temperature by titrating the CD solutions into the phosphate buffer solution. These 
heats of dilution were subtracted from the results of the corresponding CD/BS titrations to yield the 
heats of complexation. 
The results from the measurements were analyzed by using Microcals ITC data analysis application for 
the Origin software package (version 7.0). A single set of identical and independent binding sites was 
assumed, which yielded the following parameters when the data was fitted to the model: stoichiometry 
(n), the molar enthalpy of complexation (ΔH°), and the stability constant (K). From ΔH° and K, the 
standard Gibbs free energy of complexation (ΔG°) and the standard change in entropy (ΔS°) were 
calculated in accordance with: 
∆𝐺° = −𝑅𝑇𝑙𝑛(𝐾) = ∆𝐻° − 𝑇∆𝑆°    (2) 
where R is the gas constant and T is the absolute temperature. 
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Results and discussion 
 
In the present study inclusion complexes between seven γCDs (natural γCD, HP-γCDs, Me-γCDs, and SBE-
γCD) and three BSs common in the intestine of man, dog and rat (Alvaro et al., 1986) were investigated 
through a structural and thermodynamic analysis. NMR and mass spectrometry was used to characterize 
the different CDs and 2D-NMR techniques were used to analyze the structure of the complexes. The 
thermodynamics of the interaction was investigated by ITC, all pointing towards a systematic evaluation 
of how differences in substitution of γCDs affect the structure and thermodynamics of CD/BS complexes. 
 
Characterization of Cyclodextrins 
The natural γCD without substituents and the fully methylated Me-γCD were monodisperse, whereas all 
other CDs were shown to be polydisperse by MALDI-TOF (MALDI-TOF spectra can be found in supporting 
information). The DS as well as the pattern of the substituents was examined, as the placement of the 
substituents previously have been demonstrated to influence the interaction between the substituted 
CDs and BSs (Schönbeck et al., 2010; Schönbeck et al., 2011). The substituents can be positioned on 
either O2, O3, or O6 of the CDs. The patters of substitution were investigated through 1H NMR and 13C 
NMR (for further information see supporting information) and the measured DS for the investigate CDs 
are presented in Table 2. 
 
Table 2. Degrees of substitution and pattern of substitution for all the investigated CD samples. 
CD DS 
(MS) 
DS 
(1H NMR) 
DS(O2) % DS(O3) % DS(O6) % 
γCD - 0 0 0 0 
HP016-γCD 0.18 0.16 51.2 - - 
HP054-γCD 0.53 0.54 56.6 - - 
HP060-γCD 0.65 0.60 60.6 - - 
Me135-γCD 1.6 1.35 41.4 8.74 49.9 
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Me300-γCD - 3.00 33.3 33.3 33.3 
SBE057-γCD 0.37 0.57 49.5 40.3a 10.2 
a: This value could not be determined directly by any peak area, so it was calculated subtracting DS(O2) and DS(O6) from 100 %. 
 
The 1H spectra of the substituted γCDs showed clearly distinguishable peaks from H1 (CD proton 1) and 
H1’ (H1 when there was a substitution at O2). From the relative peak areas, the degree of substitution at 
O2 (DS(O2)) was readily calculated. For the three HP substituted CDs, DS(O2) was the only distinct 
substitution, whereas both 1H and 13C peaks for DS(O3) and DS (O6) either were on the top of other 
peaks, too broad, or too weak to determine. A similar problem has previously been reported for HP-
βCDs (Schönbeck et al., 2010), where only the fraction at DS(O2) was reported for this class of CDs. For 
all three investigated HP-γCDs DS(O2) constituted  50-60 % of the total DS, indicating that O2 was the 
primary site for substitution, which was also observed for Me135-γCDs and SBE057-γCD. 
The 13C APT spectra generally suffered from a low signal-to-noise ratio and quantification by 13C peaks 
was therefore associated with errors since the intensities of the peaks depend on NOE (Nuclear 
Overhauser Enhancement) and relaxation times, which in turn depend on the molecular environment 
and number of attached protons. However, as argued by Tongiani et al. (2005), the areas of chemically 
equivalent carbons like C6 and C6sub or the methyl groups of the substituents may be compared. Using 
this approach DS(O3) and DS(O6) were calculated for SBE057-γCD and Me135-γCD. 
As can be seen from the data in Table 2 the average degree of substitution measured by MS and NMR 
was in the same range, confirming the findings. 
 
Structural characterization of complexes  
A representative ROESY spectrum is shown in Figure 6. The entire analysis of the 2D spectra can be 
found in the supporting information. Generally the spectra were difficult to analyze due to a large 
degree of overlapping peaks. The main conclusion from the structural analysis was that the inclusion for 
all complexes had relative similar structures. The most likely structure of the complexes was found to be 
similar to what has been reported for natural γCD-BS complexes by Holm et al. (2013), where the BS has 
entered the cavity of the CD from the secondary opening and the sidechain protrudes from the primary 
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rim. The cavity of γCD seems to include most of the steroid body of the bile salts with the C-ring, D-ring, 
and part of the B-ring included. 
 
Figure 6. Assigned partial ROESY spectrum of the HP060-γCD/GCDC complex. CD protons are denoted by “H” and BS protons by 
“P”. 
 
Isothermal Titration Calorimetry 
Titrations were conducted for all combinations of CDs and BSs at temperatures 5-55 °C in 10 °C interval, 
representative examples of the obtained enthalpograms can be found in the supporting information. 
As evidenced by the MS spectra all CD samples, with the exception of natural γCD and Me300-γCD, were 
polydisperse and thus consist of many different CDs, each with their own complexation equilibrium. A 
model of such a system would be too difficult to fit to the titration data, why it was assumed that the 
behavior of the many individual binding equilibria could be described by a single equilibrium 
characterized by the average DS reported earlier, as generally done in the literature when investigating 
modified CDs. For the majority of the measurements the model based on one set of identical and 
independent binding sites yielded good fits to the data, thereby validating the assumption. 
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Complex Stoichiometries 
The stoichiometry was for the vast majority of complexes in the interval of 0.8 to 1.1, suggesting 1:1 
complexes in accordance with previous reports on γCD/BS complexes (Tan et al., 1994; Ollila et al., 2001; 
Mucci et al., 1996; Holm et al., 2013). A few complexes did have values of n < 0.8 at certain 
temperatures. These data points were not included in Table 3, as the model of one set of identical and 
independent binding sites did not describe the data in those few instances. 
 
Stability Constants 
The stability constants obtained are found in Table 3. The stability constants varied according to CD, BS, 
and temperature. The most deciding factor for the stability constant was the number and position of 
OH-groups on the BSs, as also previously observed (Holm et al., 2008). GCDC formed the most stable 
complexes and GC the weakest complexes, probably due to the OH group on C12, which was included 
into the CD complex as described above. The stability of GDC complexes were between that of GCDC 
and GC complexes since GDC has an OH group on C12, but also one fewer OH groups than GC. These 
findings were observed for all investigated modified γCDs and were in accordance with previous reports 
(Holm et al., 2008; Holm et al., 2014; Holm et al., 2013; Tan et al., 1994). 
Table 3. Stability constants, K, enthalpy, ΔH°, entropy, ΔS°, and free energy, ΔG° of complexation for all investigated CD-BS 
complexes. The uncertainties given are the standard error of the non-linear regression. 
Temp. 
(°C) 
Host Guest K 
(M-1) 
ΔH°  
(kJ/mol) 
ΔS° 
(J/mol/K) 
ΔG° 
(kJ/mol) 
5 γCD GC 6590 ± 39 -7.4±0.0 46.5 -20.3 
15  GC 5650 ± 30 -9.6±0.0 38.6 -20.7 
25  GC 4830 ± 45 -12.9±0.1 27.4 -21.0 
35  GC 3550 ± 43 -15.1±0.1 19.0 -20.9 
45  GC 3510 ± 41 -20±0.1 5.0 -21.6 
55  GC 2100 ± 36 -20.1±0.2 2.3 -20.9 
5  GCDC 82000 ± 5780 -4.5±0.0 78.3 -26.2 
15  GCDC 87800 ± 3300 -8.9±0.0 63.6 -27.3 
25  GCDC 88000 ± 2360 -13.7±0.0 49.0 -28.2 
35  GCDC 65200 ± 1430 -16.5±0.0 38.8 -28.4 
45  GCDC 56200 ± 861 -21.2±0.0 24.4 -28.9 
55  GCDC 36600 ± 950 -22.4±0.1 19.1 -28.7 
5  GDC - - - - 
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Temp. 
(°C) 
Host Guest K 
(M-1) 
ΔH°  
(kJ/mol) 
ΔS° 
(J/mol/K) 
ΔG° 
(kJ/mol) 
15  GDC - - - - 
25  GDC 9930 ± 826 -9.2±0.2 46.0 -22.8 
35  GDC 10800 ± 650 -12.1±0.2 37.8 -23.8 
45  GDC 11300 ± 472 -15.4±0.1 29.3 -24.7 
55  GDC 12700 ± 393 -21.2±0.1 14.0 -25.8 
       
5 SBE057-γCD GC - - - - 
15  GC - - - - 
25  GC - - - - 
35  GC 1490 ± 63 -8.9±0.2 32.0 -18.7 
45  GC 1210 ± 53 -15.1±0.5 11.5 -18.8 
55  GC 1010 ± 68 -19.9±1.3 -3.1 -18.9 
5  GCDC - - - - 
15  GCDC - - - - 
25  GCDC 19900 ± 1360 -7.4±0.1 57.3 -24.5 
35  GCDC 25400 ± 807 -13.2±0.1 41.4 -26.0 
45  GCDC 25500 ± 528 -19.0±0.1 24.7 -26.8 
55  GCDC 23000 ± 742 -24.2±0.1 9.7 -27.4 
5  GDC 12100 ± 378 9.4±0.1 111.8 -21.7 
15  GDC 23700 ± 1800 3.7±0.0 96.3 -24.1 
25  GDC - - -  
35  GDC 6340 ± 217 -8.2±0.1 46.0 -22.4 
45  GDC 7250 ± 144 -13.5±0.1 31.5 -23.5 
55  GDC 6100 ± 149 -19.3±0.1 13.8 -23.8 
       
5 Me135-γCD GC 1580 ± 30 12.4±0.2 105.5 -17.0 
15  GC 2070 ± 40 8.0±0.1 91.2 -18.3 
25  GC - - - - 
35  GC - - - - 
45  GC 1360 ± 106 -6.7±0.4 39.09257 -19.1 
55  GC 1580 ± 161 -10.7±0.7 28.54511 -20.1 
5  GCDC - - - - 
15  GCDC - - - - 
25  GCDC - - - - 
35  GCDC 13300 ± 819 -4.5±0.1 64.5 -24.3 
45  GCDC 25700 ± 941 -10.9±0.1 50.2 -26.9 
55  GCDC 26500 ± 831 -17.5±0.1 31.3 -27.8 
5  GDC 6700 ± 92 21.0±0.1 149.0 -20.4 
15  GDC 9690 ± 113 14.1±0.0 125.1 -22.0 
25  GDC 15600 ± 779 7.4±0.1 105.1 -23.9 
35  GDC - - - - 
55  GDC 7890 ± 409 -12.0±0.2 38.1 -24.5 
55  GDC - - - - 
       
5 HP016-γCD GC 3750 ± 129 -2.3±0.0 60.3 -19.0 
15  GC 4230 ± 71 -5.5±0.0 50.6 -20.0 
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Temp. 
(°C) 
Host Guest K 
(M-1) 
ΔH°  
(kJ/mol) 
ΔS° 
(J/mol/K) 
ΔG° 
(kJ/mol) 
25  GC 3960 ± 72 -8.9±0.1 39.1 -20.5 
35  GC 3300 ± 28 -12.8±0.0 26.0 -20.8 
45  GC 2990 ± 117 -15.9±0.3 16.6 -21.2 
55  GC 2580 ± 177 -19.2±0.6 6.9 -21.4 
5  GCDC 25900 ± 2490 -1.2±0.0 80.4 -23.5 
15  GCDC 71200 ± 2480 -5.9±0.0 72.8 -26.8 
25  GCDC 71700 ± 2150 -10.6±0.0 57.8 -27.7 
35  GCDC 65300 ± 1230 -15.2±0.0 42.7 -28.4 
45  GCDC 50800 ± 1200 -20.0±0.1 27.2 -28.7 
55  GCDC 39000 ± 1230 -24.3±0.1 14.1 -28.8 
5  GDC - - - - 
15  GDC - - - - 
25  GDC - - - - 
35  GDC - - - - 
45  GDC 12900 ± 486 -14.9±0.1 31.9 -25.0 
55  GDC 12400 ± 542 -19.2±0.2 19.8 -25.7 
       
5 HP054-γCD GC - - - - 
15  GC - - - - 
25  GC - - - - 
35  GC 2270 ± 195 -6.4±0.3 43.5 -19.8 
45  GC 2020 ± 79 -10.9±0.2 29.0 -20.1 
55  GC 2210 ± 301 -12.5±0.7 26.0 -21.0 
5  GCDC - - - - 
15  GCDC - - - - 
25  GCDC 20700 ± 2330 -4.9±0.1 66.5 -24.6 
35  GCDC 33800 ± 2060 -10.1±0.1 54.0 -26.7 
45  GCDC 32400 ± 666 -16.0±0.0 36.1 -27.5 
55  GCDC 28700 ± 1140 -21.4±0.1 20.3 -28.0 
5  GDC 12700 ± 304 10.8±0.1 117.6 -21.9 
15  GDC 23300 ± 1650 5.3±0.1 102.1 -24.1 
25  GDC - - - - 
35  GDC - - - - 
45  GDC 8300 ± 162 -10.6±0.1 41.9 -23.9 
55  GDC 7750 ± 188 -16.4±0.1 24.6 -24.4 
       
5 HP060-γCD GC 2570 ± 65 4.9±0.1 82.9 -18.2 
15  GC - - - - 
25  GC - - - - 
35  GC 1370 ± 77 -5.9±0.2 40.9 -18.5 
45  GC 1380 ± 42 -9.7±0.2 29.5 -19.1 
55  GC 1040 ± 90 -12.9±0.9 18.4 -19.0 
5  GCDC - - - - 
15  GCDC - - - - 
25  GCDC - - - - 
35  GCDC 21000 ± 1170 -8.6±0.1 54.8 -25.5 
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Temp. 
(°C) 
Host Guest K 
(M-1) 
ΔH°  
(kJ/mol) 
ΔS° 
(J/mol/K) 
ΔG° 
(kJ/mol) 
45  GCDC 21600 ± 813 -12.7±0.1 43.1 -26.4 
55  GCDC 25200 ± 655 -19.7±0.1 24.2 -27.7 
5  GDC 6770 ± 201 12.7±0.1 119.3 -20.4 
15  GDC 11300 ± 260 7.2±0.0 102.5 -22.4 
25  GDC - - - - 
35  GDC - - - - 
45  GDC 5550 ± 219 -7.8±0.1 47.3 -22.8 
55  GDC 7610 ±348 -15.1±0.2 28.3 -24.4 
 
It was not possible to obtain meaningful result for all complexes at all temperatures. At temperatures 
around 15-25 °C some of the complexations were found to be nearly athermal. For reactions close to the 
athermal temperature only limited heat production was often observed, which made meaningful data 
analysis impossible, hence the missing data in Table 3.  
The stability constant can be evaluated by van’t Hoff plots. The data should theoretically lie on the line 
created by: 
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where the subscript on TR and ΔHR° refers to reference temperature. If for the present data set this was 
defined to 45 °C differences between theory and empiric data was observed, see Figure 7, indicating 
experimental difficulties or thermodynamic irregularities in the data set. Additional van’t Hoff plots are 
presented in the supporting information. In general the empirical data deviated randomly from the 
theoretical values. This deviation from van’t Hoff behavior has not been reported for βCD-BS complexes. 
The deviations could be a reflection of the polydisperse γCD samples and the uncertainties from using 
results obtained from small heats of complexation due to the athermal reaction for some of the 
complexes.  
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Figure 7. Van’t Hoff plot of the HP060-γCD/BS complexes. Many data points are missing due to athermal reactions, but a 
deviation from theoretical values are seen for complexes below the athermal temperature. 
 
Most studies reported in the literature investigating the interaction between CDs and bile salts were 
performed at 25 °C. The van’t Hoff plots could be used to obtain the theoretical values of the stability 
constants at 25 °C. However, the small enthalpies around 25 °C makes the slope of the van’t Hoff plots 
almost zero in that temperature range, consequently the differences between the stability constants 
obtained at 45 °C and 25 °C were relatively small. Thus conclusions made at 45 °C should be valid at 25 
°C as well, which enables a more direct comparison to previously reported stabilities. 
Among the CDs, the strongest complexes were formed by the natural γCD. The stability constants of the 
natural γCD complexes were in the same range as previously reported, thus validating the findings 
(Holm et al., 2008; Cabrer et al., 2003; Tan et al., 1994; Holm et al., 2013). Temperature had an effect on 
the stability of all complexes with the magnitude defined by the CD. Natural γCD and HP-γCD complexes 
were generally most stable at low temperatures, SBE057-γCD complexes around 25 °C, and no clear 
tendency was seen for Me135-γCD complexes. When compared to βCD complexes of similar DS, the γCD 
complexes were generally found to be stronger for GC and GDC, and weaker for GCDC (Schönbeck et al., 
2010; Schönbeck et al., 2011; Holm et al., 2014; Holm et al., 2009).  
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The influence of the DS was tested for the HP substituents and the results are shown in Figure 8. Four 
different HP-γCDs (including the natural γCD as DS = 0) with DS of 0-0.6 were identified and investigated 
in the present study. The trend from Figure 8 clearly demonstrates that the stability constants decrease 
with increasing DS, in agreement with results for HP-βCDs (Schönbeck et al., 2010). The decrease of the 
stability constants as a function of DS for HP-βCDs was by Schönbeck and coworkers argued to be a 
consequence of partial blocking of the cavity by the substituents and/or of an altered rigidity and 
structure of the CD leading to a less optimal fit (Schönbeck et al., 2010), a hypothesis that could also 
apply to the data presented in the present study.  
 
Figure 8. Stability constants of HP-γCD complexes as function of DS at 45 °C. The different symbols refer to complexes with GC 
(squares), GDC (circles), and GCDC (triangles). 
The DS of the SBE-γCD was comparable to two of the HP-γCDs used. The stability constants were found 
to be very similar to those of the HP054-γCD complexes. SBE-βCD (DS = 0.91) complexes have been 
reported to form more stable complexes with bile salts than HP-βCD complexes of similar DS, but 
comparable in strength to less substituted (DS = 0.54) HP-βCD complexes (Holm et al., 2014). Me135-
γCD complex stabilities were somewhat similar to those of the HP060-γCD complexes. This suggests that 
the methyl substituents in γCDs had less of a negative effect on the stability constants when compared 
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to the sulfobutylether or hydroxypropyl substituents per molecule. A similar conclusion was drawn for 
Me-βCDs, with the exception being Me300 in both cases (Schönbeck et al., 2011). 
 
Thermodynamics 
The reactions of the natural γCD and the lowly substituted HP016-γCD were exothermic at all 
temperatures, whereas all other reactions were both endothermic and exothermic depending on 
temperature. The athermal reactions observed have not been observed for any similar modified βCDs. 
The enthalpies of reaction were decreasing linearly with temperature in all cases, and a linear regression 
was done to extrapolate to 25 °C thereby enabling comparison to other studies and to achieve the 
change in heat capacity, ΔCP°, which is the slope of the linear fit according to (all regressions can be 
found in the supporting information): 
∆𝐶𝑃 =
𝛿∆𝐻
𝛿𝑇
|
𝑃
     (4) 
The entropies decreased with temperature for all complexes. Linear extrapolation yielded entropies at 
25 °C (regressions found in the supporting information).The reduction of both enthalpy and entropy 
with temperature resulted in values of ΔG° being almost unaffected by temperature (graphs of ΔG° as 
function of T are found in the supporting information). At 25 °C all complexes had positive values of ΔS° 
showing that complexation with γCDs was mostly entropy driven. This was different from βCD 
complexation, which has been reported to be mostly enthalpy driven (Holm et al., 2009). This had 
previously only been described for complexation with natural γCD (Holm et al., 2013), but was a 
phenomenon, which could be expanded also to cover the substituted γCDs. 
Both enthalpies and entropies were affected by the type and DS of the substituent on γCD. Side chains 
on CDs have been shown to increase both ΔH° and ΔS° of complexation (Schönbeck et al., 2010), which 
was also observed in the present work. ΔH° and ΔS° of HP-γCDs showed linear dependence on DS (see 
Figure 9), which was similar to the trend reported for HP-βCDs (Schönbeck et al., 2010). At 25 °C the 
SBE057-γCD complex had lower values of ΔH° and ΔS° than HP-γCDs of similar DS, showing that SBE side 
chains affect the thermodynamics of complexation to a smaller degree than the HP side chains. By 
assuming linear dependence on DS, values of ΔH° and ΔS° were extrapolated to lower DS based upon 
the Me135-γCD complexes. This assumption was based on data for Me-βCDs (Schönbeck et al., 2014b). 
At comparable DS (0.55) Me-γCD had lower values of ΔH° and ΔS° than HP-γCDs and SBE-γCDs, except in 
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the case of the SBE057-γCD-GCDC complex, indicating that methyl substituents had the smallest effect 
on the thermodynamics of complexation. These conclusions from these extrapolations would require a 
wider variety of SBE-γCDs and Me-γCDs in order to confirm these indications. 
 
Figure 9. ΔH° and TΔS° values plotted as function of DS for HP-γCD complexes. The ΔH° and TΔS° values are represented at 25 
°C, based upon extrapolation of measured data at 5-55 °C. The different symbols refer to complexes with GC (squares), GDC 
(circles), and GCDC (triangles). 
The exact values of ΔH° and ΔS° depended on the type of side chain and BS, but for all CDs a high value 
of ΔH° was largely compensated by a high value of TΔS°. This enthalpy-entropy compensation, which is 
illustrated in Figure 10, has been reported several times for CD/BS systems (Holm et al., 2009; Holm et 
al., 2011), but no definite explanation exists. 
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Figure 10. Entropy-enthalpy compensation plot for all investigated complexes. Regressions have been carried out for groups of 
identical BS (GC = blue, GDC = red, and GCDC = black) to show the linearity within the groups. The natural γCD complexes are 
marked, and modified γCD complexes have different symbols (Closed triangles = HP-γCD, crosses = SBE-γCD, and open triangle = 
Me-γCD). 
All complexes with the same type of BS follow the same straight line regardless of CD, which suggests 
that all substituents have the same overall effect. Schönbeck et al. (2011) observed similar behavior for 
βCD complexes and suggested that the common nominator was the dehydration of the parts of the 
hydrophobic guest molecules that protruded from the CD cavity, which led to an increase in ΔH° and 
ΔS°. The amount of dehydration depended on the number and size of the side chains, which might 
explain the increase of ΔH° and ΔS° with DS shown in Figure 9. This would also explain why the larger HP 
side chains caused higher ΔH° and ΔS° values than the smaller methyl side chains relative to their 
respective DSs. 
A linear correlation of ΔH° and ΔS° has been observed for βCD-BS complexes and can be interpreted as 
the members of the same linear group binding to the CD with a common binding mechanism (Holm et 
al., 2013). Thus Figure 10 suggests that the three BSs have different binding mechanisms towards γCDs, 
which, however, was not apparent from the structural analysis. This was also in contrast to what has 
been found for various βCD-BS complexes and natural γCD-BS complexes for which two groups are 
observed, one for GC and GDC and one for GCDC (Schönbeck et al., 2011; Holm et al., 2013). This could 
be a reflection of the difficulty of achieving reliable data at 25 °C or an indication that modified γCDs 
interact slightly different with BSs than other CDs. A “global” compensation plot including data from the 
present and several other studies can be found in the supporting information. All values of ΔH° and ΔS° 
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were higher for γCD complexes than for complexes with similar βCDs, probably due to γCD having a 
larger area of contact between solvent and CD. 
The hydration/dehydration of hydrophobic surface area is known to influence ΔCp° (Ross & Rekharsky, 
1996; Olvera et al., 2007; Myers et al., 1995; Naghibi et al., 1987; Cameron et al., 2010), where negative 
ΔCp° values are associated with dehydration of hydrophobic area and vice versa. The ΔCp° values 
determined by equation 4 are shown in Table 4. 
Table 4. Overview of ΔCp° for all investigated complexes. The fitted graphs of ΔH° as function of T are found in the supporting 
information. 
ΔCp° (J/mol/K) γCD SBE057 Me135 HP016 HP054 HP060 
GC -277 -552 -469 -342.2 -304 -360 
GDC -394 -574 -658 -432.8 -540 -541 
GCDC -370 -562 -653 -464.8 -554 -556 
 
From Table 4 it can be seen that the substitution, in all cases, lead to more negative values of ΔCp°. The 
exact values of ΔCp° depend on the size and DS of the substituent, with larger (SBE) and more numerous 
(Me) substituents having the most negative values. Regressions were made to show the dependence of 
ΔCp° on DS (see supporting information). Results of the regressions are found in Table 5. The fit to the 
HP-γCD-GC data was very poor and, hence, no reliable result was obtained. The results show that SBE 
substituents had the greatest effect on ΔCp°. The HP substituents had lesser effect on ΔCp° and methyl 
substituents even less. These results reflect the relative sizes of the substituents and agree with results 
for HP and methyl substituents on βCDs (Schönbeck et al., 2014a; Schönbeck et al., 2014b). 
Table 5. Effect of different substituents on γCD. The regressions leading to the result are found in the supporting information. 
All substituents were seen to have a negative effect on ΔCp°. No reliable value could be obtained for the HP-γCD-GC complexes. 
Change of ΔCp° per substituent (J/mol/K/molecule) HP SBE Me 
GC -
 
-60.2 -17.7 
GDC -32.1 -39.5 -24.5 
GCDC -36.7 -42.2 -26.2 
 
There was a clear division between the ΔCp° of the dihydroxy BS complexes and the trihydroxy BS 
complexes in all cases except for SBE057-γCD.  GC complexes had substantially larger values of ΔCp°. The 
extra hydroxyl group on GC makes the hydrophobic surface area available for dehydration smaller when 
compared to GDC and GCDC. The SBE substituent is larger than any of the other substituents and hence 
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may be able to reach hydrophobic surface area on GC inaccessible to the other substituents. The ΔCp° 
values reported for βCD-GDC complexes were generally higher than for similar γCD complexes, whereas 
ΔCp° values for βCD-GCDC complexes were lower than for similar γCD complexes (Schönbeck et al., 
2014a; Holm et al., 2014; Schönbeck et al., 2014b). This indicates structural differences between βCD- 
and γCD complexes and thus supports the conclusions from the structural analysis. 
These findings suggest that the role of the substituents was to align themselves with the protruding 
parts of the BS, thus dehydrating the hydrophobic area. The release of ordered water into the bulk was 
entropically favorable, but costed energy in the form of enthalpy as seen in Figure 9. 
The change in nonpolar solvent accessible surface area (ΔASAnon) can be quantified further. Schönbeck 
et al. (2014b) collected experimental values for the relation between ΔCp° and ΔASAnon and found an 
average value of 1.8 ± 0.4 (SD) J/mol/K/Å2. Combining this value with the dependences of ΔCp° on DS 
shown in Table 5, the ΔASAnon of each side chain was found.  
Table 6. ΔASAnon per substituent molecule. 
ΔASAnon per substituent (Å
2/molecule) HP SBE Me 
GC - 33.4 9.9 
GDC 17.8 22.0 13.6 
GCDC 20.4 23.5 14.5 
 
SBE side chains were found to contribute the most to dehydration and methyl side chains the least. 
Another method of calculating ΔASAnon based on TΔS° was applied to the HP-γCDs (shown in supporting 
information) and yielded results of 13.2, 19.7, and 10.3 Å2/HP for GC, GDC, and GCDC complexes, 
respectively. The values found by each method of calculating were in the vicinity of the 12-16 Å2 per HP 
chain found by computer simulation for HP-βCDs (Schönbeck et al., 2014a). Thus the HP substituents on 
γCD more or less seem to have the same effect as when situated on βCDs.  
Conclusion 
 
The thermodynamics and structure of inclusion complexes between three biologically relevant BS and 
seven different γCDs were investigated in the present study. The ITC method was successfully applied to 
yield thermodynamic data for most CD:BS interactions, though ITC was not optimal for achieving results 
for modified γCDs around the athermal temperature (around 25 °C).  
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The structures of all complexes were found to be very similar revealing that substitution on γCDs did not 
affect complex structure, based upon NMR analysis. The γCDs were shown to include the BSs deeper 
than what has been observed for βCDs as they included much of the steroid body with the C-ring, D-ring 
and part of the B-ring included. 
Complexes with the natural γCD had the highest stability constants whereas Me300-γCD showed no 
detectable binding at all. A rise of DS was shown to have a negative effect on the stability constant most 
likely due to steric effects or distortion of the CD structure. SBE side chains were shown to influence the 
complex stability approximately the same amount as HP side chains, whereas methyl side chains had a 
much smaller effect per molecule. 
All complexes showed 1:1 stoichiometry and an almost linear dependence of ΔH° and ΔS° on T. At 25 °C 
complexation was mostly entropy driven for all complexes. A linear dependence on DS was shown for 
ΔH° and ΔS° as well. The number and size of the CD side chains seemed to determine the exact value of 
ΔH° and ΔS° with HP chains having greater influence than SBE and Me, but profound enthalpy-entropy 
compensation was observed in all complexes. The enthalpy and entropy changes associated with 
different substituents had limited effect on ΔG° and most likely stem from dehydration effects. This was 
seen from the large negative changes in Cp upon complexation. The effect of HP side chains on the 
dehydration of hydrophobic BS surface area was calculated in two separate ways, and it was found that 
each HP chain dehydrates 10-20 Å2 of BS surface area. SBE side chains contributed the most to 
dehydration (22-33 Å2/substituent), and methyl side chains the least (10-15 Å2/substituent). 
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Part 3. 
 
Supporting information 
 
 
 
Mass Spectrometry 
 
Below mass spectra of the various γCDs are shown. Tables with peak areas and calculated DS are shown 
next to the respective mass spectra. 
  
Figure 11S. Mass spectrum of SBE-γCD and table of peak areas used to calculate overall DS. 
DS Measured I DS*I 
0 20542 0 
1 68127 8515.875 
2 138395 34598.75 
3 154381 57892.875 
4 106621 53310.5 
5 57644 36027.5 
6 18623 13967.25 
7 4522 3956.75 
   
SUM 568855 208269.5 
Overall DS 0.36612054 
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Figure 12S. Mass spectrum of Me135-γCD and table of peak areas used to calculate 
overall DS. 
 
 
  
  
Figure 13S. Mass spectrum of HP016-γCD and table of peak areas used to calculate overall DS. 
 
 
 
DS Measured I DS*I 
6 28604 21453 
7 100447 87891.13 
8 262654 262654 
9 500149 562667.6 
10 751244 939055 
11 1031030 1417666 
12 1233148 1849722 
13 1262045 2050823 
14 1114884 1951047 
15 869419 1630161 
16 608091 1216182 
17 369376 784924 
18 186645 419951.3 
19 78456 186333 
20 28541 71352.5 
21 9723 25522.88 
   
SUM 8434456 13477405 
Overall DS 1.597899 
DS Measured I DS*I 
1 1929401 241175.1 
2 1040868 260217 
3 152245 57091.88 
4 11174 5587 
   
SUM 3133688 564071 
Overall DS 0.180002 
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Figure 14S. Mass spectrum of HP054-γCD and table of peak areas used to calculate overall DS. 
 
 
 
 
 
Figure 15S. Mass spectrum of HP060-γCD and table of peak areas used to calculate overall DS. 
 
DS Measured I DS*I 
0 34984 0 
1 192213 24026.63 
2 498531 124632.8 
3 854129 320298.4 
4 1063352 531676 
5 796786 497991.3 
6 603516 452637 
7 375215 328313.1 
8 150338 150338 
9 23348 26266.5 
   
SUM 4592412 2456180 
Overall DS 0.534834 
DS Measured I DS*I 
1 19764 2470.5 
2 69060 17265 
3 152384 57144 
4 242513 121256.5 
5 298669 186668.1 
6 226473 169854.8 
7 167052 146170.5 
8 95323 95323 
9 35529 39970.13 
10 11578 14472.5 
   
SUM 1318345 850595 
Overall DS 0.645199 
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Characterization by NMR 
 
The 1H and 13C NMR spectra of the investigated γCDs used to determine degrees and patterns of 
substitution are presented below. For the HP-substituted γCDs only the 1H spectra were used. Integrals 
in the 13C spectra are only shown for those peaks used in calculations of DS and pattern of DS. Protons 
on a BS are denoted “P”, whereas protons on a CD are denoted “H”. 
 
 
Figure 16S. Assigned 
1
H NMR spectrum of SBE-γCD. 
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Figure 17S. Assigned 
13
C NMR spectrum of SBE-γCD. 
 
 
 
 
 
Figure 18S. Assigned 
1
H NMR spectrum of Me135-γCD. 
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Figure 19S. Assigned 
13
C NMR spectrum of Me135-γCD. 
 
 
 
Figure 20S. Assigned 
1
H NMR spectrum of HP016-γCD. 
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Figure 21S. Assigned 
1
H NMR spectrum of HP054-γCD. 
 
 
 
 
 
 
Figure 22S. Assigned 
1
H NMR spectrum of HP060-γCD. 
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Figure 23S. 
1
H NMR spectrum of Me300-γCD. No H1 peak is observed confirming that the CD is fully substituted. 
 
Structural analysis of complexes 
 
The structures of the CD:BS complexes were investigated using 2D ROESY NMR. This technique provides 
cross correlation peaks between spatially close (<4 Å) protons (Schneider et al., 1998). The technique 
can, thus, be used to observe, which BS protons that were positioned close to the inner CD protons and, 
hence, to characterize the structure of the complexes. 
The assignments of the protons in the ROESY spectra were based on the HSQC spectra. The HSQC 
spectra had two main areas of interest, one primarily populated with CD protons (denoted “H”) and one 
with primarily BS protons (denoted “P”). The two areas were largely independent of changes in the 
other area meaning CD peaks did not change with changing BS and vice versa. Below are examples of 
the CD proton area of an HP-γCD (HP-γCDs of varying DS were very similar), an SBE-γCD, and a Me-γCD. 
Also shown are the areas of BS protons for GC, GDC, and GCDC complexes. 
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Figure 24S. Partial HSQC spectrum of the Me135-γCD/GC complex. The part of the spectrum with most of the BS protons 
(denoted P) is shown. The assignment of the protons in the complex made the assignment of the peaks in the ROESY spectrum 
possible. Notice the large degree to which the 
1
H peaks overlap. 
 
 
Figure 25S. The part of the Me135-γCD/GC complex HSQC spectrum containing most of the CD protons (denoted H). 
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Figure 26S. The CD proton part of the HSQC spectrum of a SBE057-γCD/GC complex.  
 
Figure 27S. The CD proton part of the HSQC spectrum of a HP016-γCD/GCDC complex. 
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Figure 28S. The BS proton part of the HSQC spectrum of a HP016-γCD/GDC complex. 
 
Figure 29S. The BS proton part of the HSQC spectrum of a HP016-γCD/GCDC complex. 
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ROESY spectra 
 
With the CD and BS protons of the complexes assigned, the ROESY spectra were analyzed. Examples 
with various CDs and BSs are given below. Generally, the interactions of the inner CD protons H3 and H5 
with the BS protons offered the most valuable structural information. For nearly every complex H3 and 
H6 had almost identical chemical shifts, and a detailed analysis of the interactions of these protons was 
further complicated by the overlay of P7 in complexes with GC and GCDC. H5 was always well separated 
and thus readily analyzed. The analysis demonstrated that Me300-γCD did not form complexes with any 
of the three BSs. 
For all the complexes an interaction at H5, which is located in the middle of the CD cavity, was observed 
with the methyl groups P18, P19, and P21 and the C- and D-ring protons on the steroid body of the BS, 
i.e. P11, P12, P15, and P16. H5 also showed weak coupling to some B-ring protons and the sidechain 
protons at P23. In all complexes with GC, the interaction between H5 and P21 appeared to be much 
stronger than between H5 and P19. In the situations where H3, located at the wide opening of the CD, 
could be separated, a cross coupling to many of the same BS protons as for H5 was seen. The B-, C-, and 
D-ring protons all coupled to H3. However, H3 could only be confirmed to interact with one methyl 
group, namely P19. H6/H3 interacted with P18 and P21 as well, but it seems more likely that H6 was 
responsible for theses interactions as previously suggested in the literature (Holm et al., 2013). Based on 
these findings it could be concluded that complexes between substituted γCDs and GDC and GCDC had 
very similar structure, in agreement with previous studies on natural γCD (Holm et al., 2013). The most 
likely structure is where the BS has entered the cavity of the CD from the secondary opening and the 
sidechain protrudes from the primary rim. Complexes with GC have the same overall structure, but GC 
seems to be positioned slightly more peripherally in the CD cavity when compared to GDC and GCDC, as 
evidenced by the stronger interaction of H5 with P21 in GC complexes. The relatively large cavity of γCD 
seems to include much of the steroid body with the C-ring and D-ring and part of the B-ring included. 
When comparing to the much more examined βCD/BS complexes, it is clear that the larger γCD was able 
to include more of the BS than the typical βCD, which resides primarily on the D-ring and sidechain of 
the BS (Schönbeck et al., 2011; Holm et al., 2009; Holm et al., 2011). The type and amount of 
substituents on the CDs did not influence the structure of the complexes to a larger extent, if at all. This 
was in agreement with previous studies reported for substituted βCD/BS complexes (Schönbeck et al., 
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2011; Schönbeck et al., 2010).The exception for both γCDs as well as for βCDs was the fully methylated 
Me300-γCD, which did not form stable complexes with any of the BSs, though a very weak complex with 
GCDC was observed for the Me300-βCD (Schönbeck et al., 2011).  
GC was seen to be included slightly different positioned in the γCD cavity than the other BS in 
accordance with findings reported by Holm et al. (2013), but in contradiction to Cabrer et al. (2003) who 
both investigated natural γCD complexes. It’s been documented multiple times that the type of BS is 
important for the structure of complexes with βCD (Holm et al., 2009; Tan & Lindenbaum, 1991; Cabrer 
et al., 2003). The lesser structural sensibility of γCDs towards BSs, when compared to CDs is most likely 
a result of the larger hydrophobic cavity, which enables the CDs to accommodate BSs of different 
structures. 
 
 
Figure 30S. ROESY spectrum of HP016-γCD/GC complex. A few of the most important peaks are assigned. 
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Figure 31S. ROESY spectrum of Me0135-γCD/GCDC complex. 
 
 
Figure 32S. ROESY spectrum of HP054-γCD/GDC complex. 
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Figure 33S. ROESY spectrum of SBE057-γCD/GCDC complex. 
 
 
 
Representative enthalpograms 
 
Representative examples of the integrated raw data of the ITC measurements are found below. The 
data is fitted with a one-set-of-sites model and the parameters corresponding to the best fits are shown 
in text boxes on the enthalpograms.
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Figure 34S. Enthalpogram of the titration between γCD 
and GC at 35 °C. This is a relatively weakly binding 
complex. 
 
 
Figure 26S. Enthalpogram of the titration between Me135-
γCD and GDC at 15 °C. At this temperature the reaction is 
endothermic. 
 
Figure 35S. Enthalpogram of the titration between γCD 
and GCDC at 15 °C. This is a relatively strongly binding 
complex. 
 
 
Figure 36S. Enthalpogram of the titration between 
SBE057-γCD and GC at 45 °C. At this temperature the 
reaction is exothermic. 
47 
 
 
Figure 37S. Enthalpogram of the titration between HP016-
γCD and GC at 5 °C. At this temperature the reaction is 
exothermic. 
 
 
Figure 38S. Enthalpogram of the titration between HP054-
γCD and GDC at 5 °C. At this temperature the reaction is 
endothermic. 
 
 
Figure 39S. Enthalpogram of the titration between HP060-γCD and GCDC at 45 °C. At this temperature the reaction is 
exothermic, and is an example of a relatively strongly binding complex.
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The examples above are all rather well behaved and the fits are able to describe the data well. This was 
not always the case. Examples of enthalpograms showing data points which for various reasons could 
not be used to acquire reliable thermodynamic results are shown below.
 
 
Figure 40S. Enthalpogram of the titration between HP016-
γCD and GDC at 25 °C. This fit yields a very low value of n, 
indicating that the “one set of identical sites” model is 
insufficient, despite the enthalpogram looking fairly 
regular. 
 
Figure 41S. Enthalpogram of the titration between HP054-
γCD and GCDC at 5 °C. This reaction is seen to show both 
endothermic and exothermic behavior. This is believed to 
be due to the contributions from the different CDs in the 
polydisperse CD sample, which can be seen when the 
enthalpy of reactions is low.
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Figure 42S. Enthalpogram of the titration between Me135-γCD and GC at 35 °C. The enthalpy of reaction is very low, which 
leads to large uncertainties in the fit and problems with the signal-to-noise ratio. 
 
Plots and regressions of ΔH° vs T and ΔS° vs T 
 
Graphs of ΔH° as function of T are shown below with the equations of the linear fits shown on the right 
side. The regressions were used to predict the values of ΔH° at 25 °C. The slopes of the linear fits are the 
values of ΔCp° in the unit of kJ/mol/K used in Part 2. 
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Figure 43S. Graph of ΔH° values as function of T in the γCD/BS complexes. The equations of the linear fits and their 
corresponding R
2
 values are seen on the right side of the graph. 
 
 
Figure 44S. Graph of ΔH° values as function of T in the SBE057-γCD/BS complexes. The equations of the linear fits and their 
corresponding R
2
 values are seen on the right side of the graph. 
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Figure 45S. Graph of ΔH° values as function of T in the Me135-γCD/BS complexes. The equations of the linear fits and their 
corresponding R
2
 values are seen on the right side of the graph. 
 
 
Figure 46S. Graph of ΔH° values as function of T in the HP016-γCD/BS complexes. The equations of the linear fits and their 
corresponding R
2
 values are seen on the right side of the graph. 
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Figure 47S. Graph of ΔH° values as function of T in the HP054-γCD/BS complexes. The equations of the linear fits and their 
corresponding R
2
 values are seen on the right side of the graph. 
 
 
Figure 48S. Graph of ΔH° values as function of T in the HP060-γCD/BS complexes. The equations of the linear fits and their 
corresponding R
2
 values are seen on the right side of the graph. 
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Graphs of ΔS° as function of T are shown below with the equations of the linear fits shown on the right 
side. The regressions were used to predict the values of ΔS° at 25 °C and are only shown when a value of 
ΔS° is not available at 25 °C. 
 
Figure 49S. Graph of ΔS° values as function of T in the γCD/BS complexes. 
 
 
Figure 50S. Graph of ΔS° values as function of T in the SBE057-γCD/BS complexes. 
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Figure 51S. Graph of ΔS° values as function of T in the Me135-γCD/BS complexes. 
 
 
Figure 52S. Graph of ΔS° values as function of T in the HP016-γCD/BS complexes. 
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Figure 53S. Graph of ΔS° values as function of T in the HP054-γCD/BS complexes. 
 
 
Figure 54S. Graph of ΔS° values as function of T in the HP060-γCD/BS complexes. 
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ΔG° as function of T 
 
All values of ΔG° are plotted as a function of temperature below. The relatively weak dependence on 
temperature is seen. 
 
Figure 55S. Plot of ΔG° as function of T for all complexes. All complexes are on one plot to illustrate the relatively small 
variations in ΔG° among the CDs. 
 
Plots and regressions used to calculate dehydrated surface area 
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Below TΔS° vs DS of HP-γCDs is shown. The results of the linear regression, which are shown next to the 
graph, show the dependence of TΔS° on DS. By dividing the slope values with 8, the dependence of TΔS° 
on number of HP chains is yielded.  
 
Figure 56S. Plot of TΔS° values as a function of DS for the examined HP-γCDs. Fitted equations are shown to the right of the 
graph. The values of ΔS° used in the plot are the values observed or extrapolated to 25 °C. 
Below ΔCp° values are plotted as function of the DS of the HP-γCDs. The equations of the linear fits are 
shown next to the graph. Once again the slope values must be divided by 8 to give the dependence of 
ΔCp° on the number of HP chains, rather than on the DS. Below that, ΔCp° vs DS is shown for all methyl 
and SBE complexes. 
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Figure 57S. Plot of ΔCp° as function of DS for the examined HP-γCDs. Equations of the linear fits are shown on the right side of 
the graph. As can be seen from the R
2
 values of the fits, the fit for the complexes with GC is very poor. From the data points 
available the complexes with GC cannot be described as linearly dependent on DS. 
 
y = -69.16x - 298.39 
R² = 0.2927 
y = -256.7x - 393.83 
R² = 0.9934 
y = -293.31x - 391.26 
R² = 0.9401 
-600
-500
-400
-300
-200
-100
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Δ
C
p
° 
(J
/m
o
l/
K
) 
DS 
ΔCp° as function of DS (HP-γCDs) 
GC
GDC
GCDC
Linear (GC)
Linear (GDC)
Linear (GCDC)
59 
 
 
Figure 58S. Plot of ΔCp° as function of DS for the examined Me-γCD and SBE-γCDs. Equations of the linear fits are shown next to 
the respective fits. Each regression relies on only two data points naturally resulting in large uncertainties. 
 
Global enthalpy-entropy compensation plot 
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Figure 59S. Enthalpy-entropy compensation of γCD and βCD complexes. Data points in red represent γCD complexes and are 
from the present study, and data points in black represent βCD complexes and are obtained from Schönbeck et al. (2010), 
Schönbeck et al. (2011), Holm et al. (2009), and Holm et al. (2014). Open symbols represent methyl- and natural CD complexes 
and closed symbols HP complexes. Squares represent GC/TC complexes, circles GDC/TDC complexes, and triangles GCDC/TCDC 
complexes. Crosses represent SBE complexes.  The dashed lines are fitted to each of the three groups of BS for the βCD data, 
and it can be seen that γCD complexes do not follow the same trends. 
 
Van’t Hoff plots 
 
Van’t Hoff plots for all CDs are found below. The van’t Hoff plots are used to predict K at temperatures 
where it was not measured by using known values of ΔH° and K at a reference temperature (usually 45 
°C in the present study) as well as ΔCp°. The equation used is: 
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In this case the subscript on TR and ΔHR° means reference temperature. The reference temperature can 
be seen in the plots as the point through which the curve exactly goes. In theory all measured data 
points should be on the curve achieved when plotting the equation. In this way the van’t Hoff plot can 
be used to validate the empirical data or to find if there are huge differences between theory and 
experiential data indicating some sort of experimental problem or thermodynamic irregularity. 
 
Figure 60S. Van’t Hoff plot of the γCD/BS complexes. The data points are close to theoretical values for at least the GC and 
GCDC complexes. 
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Figure 61S. Van’t Hoff plot of the SBE057-γCD/BS complexes. The data points are close to theoretical values for the GCDC 
complexes. A jump between data points of high- and low temperature GDC not predicted by the van’t Hoff plot is seen. 
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Figure 62S. Van’t Hoff plot of the Me135-γCD/BS complexes. The data points are not predicted very well by the plot. A lot of 
data points are missing making it difficult to draw conclusions based on the plot. 
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Figure 63S. Van’t Hoff plot of the HP016-γCD/BS complexes. The data points fit well with the theoretical values except for the 
GCDC complex at 5 °C. 
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Figure 64S. Van’t Hoff plot of the HP054-γCD/BS complexes. Most of the data points fit well with the theoretical values, but low 
temperature values seem to follow other trends than high temperature values for the GC and GDC complexes. 
 
Alternative way of calculating amount of dehydrated surface area per HP 
chain 
 
A way of calculating ΔASAnon exploits the linear relation between TΔS° and the DS of the HP-γCDs and 
was done by Schönbeck et al. (2010) for HP-βCDs. The values achieved by linear regressions of the data 
in Figure 56S are 1.58, 2.36, and 1.24 kJ/mol/HP for GC, GDC, and GCDC complexes, respectively. If this 
increase in TΔS° was assumed to mainly stem from ΔASAnon, the area dehydrated by each HP chain could 
be calculated. Schönbeck et al. (2014b) compared the hydration entropies of linear alkanes (ethane to 
hexane) (Plyasunov & Shock, 2000) to their water-accessible surface areas (Gallicchio et al., 2000) to find 
that hydration of surface area adds -0.120 kJ/mol/Å2 to TΔS° at 298.15 K. Combining these values, it was 
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found that each HP chain contribute 13.17, 19.67, and 10.33 Å2 to ΔASAnon for GC, GDC and GCDC 
complexes, respectively. 
 
Perspectives 
 
The investigation of CDs for pharmaceutical use has been going on for an extended period of time, and 
the examination of CD-BS interactions is just a small part of it. Nonetheless a lot of useful information 
has been gained over the last 10 years or so regarding many different CDs, and the γCDs studied in this 
report are candidates for future use in drug formulations. 
The CD-BS interaction was analyzed to get a better understanding of the mechanisms behind the 
complexation. The primary results of this investigation showed how hydrophobic interactions play a 
huge role in the complexation and how the role of substituents seemed to be much the same regardless 
of substituent or BS involved. The substituents seem to change enthalpy and entropy values due to their 
dehydration of hydrophobic surface area on the BS. But they also seemed to cause lower stability 
constants of the complexes. 
This investigation focused on seven γCDs, which is a small number for a systematic investigation of the 
role of the substituents. A throughout systematic investigation using many different HP-γCDs, Me-γCDs 
and otherwise substituted γCDs could give a complete picture of how substituents influence the CD-BS 
interaction. 
The polydisperse CD samples used make conclusions about the effect of substituents more uncertain, 
since the substituents vary in number and position on every single CD molecule. Ideally, production of 
CDs which were monodisperse and where all substitution was at one place would be possible. In that 
way the role of substitution at O2, O3 and O6 could be determined individually. 
Finally, a kinetic investigation of the complexation process could be very interesting. This could be 
carried out by NMR for instance and would hopefully reveal new things about the dynamics of the 
interaction. This could give a better understanding of how the complex is formed, what role substituents 
play during the formation, and how different CDs and BSs influence the formation process. 
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